A center in the present paper is referred to as an area or region which may include one or more hydrocarbon accumulations. A hydrocarbon generation center is referred to as an area containing high quality source rock which was subjected to thermal maturation. A gas generation center is an area in which an oil pool or accumulation was present, and oil was thermally cracked to generate gas. A gas accumulation center is referred to as an area in which natural gas generated from cracked oil accumulated. A gas preservation center is referred to as an area or region where the present natural gas pool/pools is/are located.
INTRODUCTION
Large volumes of natural gas are contained in deep parts of sedimentary basins in the world. Deep reservoirs occurring at the depths greater than 15,000 feet (about 4600 m) accounted for 7 percent of the total cumulative gas production in the United States through 1989 (Dyman et al., 1993) . The petroleum resources from the deep parts of sedimentary basins (≥4500 m) was 62.15×10 8 t, which was 35.49% of the total petroleum resources in western China. The Tahe Ordovician oilfield in Tarim basin (located in western China) is the largest of marine origins in China with proved in-place reserves up to 3.2×10 8 t. The major part of the Ordovician oil reservoir is located deeper than 5,000 m . The deep parts of sedimentary basins, especially in the superimposed basins like the basins in western China (such as Tarim basin, Sichuan basin), were influenced by "high temperature & pressure regimes", and "long-term evolution" controlled by multiphase tectonic activities which could result in thermal cracking of oil to gas (Behar et al., 1991; Colin, 1990; Tian et al., 2008) , and adjustment or destruction of petroleum accumulations (Liu et al., 2008c; .
The Sichuan Basin in western China was the first natural-gas-producing area and it remains as one of the main gas-producing basins in China. The geological setting of Sichuan basin can be found in Jia et al. (2006) , Ma et al. (2007) , Wei et al. (2008) , Tao et al. (2010) and Liu et al. (2011) .
In the bottom of the sedimentary strata of the Sichuan basin, were deposited the Upper Proterozoic Sinian carbonate rocks, which has undergone complex geologic evolution lasting several hundred million of years . The subsidence history of the Sinian strata can be divided into four stages (Liu et al., 2008c) : the stable subsidence during Cambrian and Silurian; the uplift during Devonian and Carboniferous; the subsidence (main process) during Permian to Late Cretaceous; and the rapid uplift since the late Cretaceous. The latter two stages could be regarded as critical for the development of oil and gas in the Sinian reservoir rocks. The temperature, pressure and hydrocarbon charging phase of the Sinian strata were influenced by deep burial and late uplifting (Colin, 1990; Liu et al., 2008c) . Therefore the formation process of Proterozoic Sinian oil & gas pools could clearly be revealed through the study of the processes of hydrocarbon accumulation and preservation, which could be helpful in the petroleum exploration in the deep parts of sedimentary basins with multiple tectonic events.
The Dengying Formation of late Sinian age (Z 2 dn) in the Sichuan Basin, buried deeper than 6,000 m, is ~500 m thick, and is mainly comprised by dolomites originating by dolomitization of carbonates deposited on a shallow carbonate platform . The high-quality source rock and cap rock for the oil accumulation in paleo-reservoirs were the Lower Cambrian, organic carbon rich shale (Huang and Chen, 1993; Dai, 2003) . Although the geologic conditions for oil accumulation were superior in the Sinian Dengying Formation, up to the present only one large gas field was found in the Sinian, that is the Weiyuan gas field with proven reserves of 408. in the Sichuan basin, as they are deeply buried and have undergone long-term evolution and were subjected to multi-phase tectonic events. Previously, only the distribution of gas pools in Dengying Formation was investigated by studies of source rocks and reservoir rocks (Song, 1996; Li et al., 2000; Xu et al., 2002; Hu et al., 2005) . However, the knowledge of the accumulation process of oil/gas in Dengying Formation is minimal. We are of the opinion that there were other petroleum pool-forming factors, especially preservation conditions, which could have been the most important factor in the formation of present gas pools in the Dengying Formation.
During the past several years we undertook a comprehensive study of the geology, geochemistry and geophysics of the Dengying Formation in the Sichuan basin. The hydrocarbon accumulation in the Dengying Formation reservoir rocks was influenced by multi-phase tectonic activities, which resulted in variable coupling of hydrocarbon generation centers, gas generation centers, gas accumulation centers and gas preservation centers, which are discussed in a detail in this paper. A center here is referred to as an area or region which may include one or more hydrocarbon pools.
HYDROCARBON GENERATION CENTERS
A hydrocarbon generation center in this paper is referred to as an area with rich source rock subjected to thermal maturation. The major source rock for hydrocarbon reservoirs in the Dengying Formation in the Sichuan basin was transgressive, marine, organic matter enriched black shale of Early Cambrian age (Fig. 2; Huang and Chen, 1993; Dai, 2003) . The hydrocarbon generation center was predominantly located along a Chengdu-Weiyuan-Luzhou line, and at the front of the Micang Mountains and the Daba Mountains in the northern Sichuan Basin. Another center was located in the east of the Lichuan-Qianjiang area, which was far from today's Sichuan basin. The source rock was mainly marine organic matter (Type I kerogen). The total organic carbon today in the rocks is mostly between 0.75%-1.5%. In the east and south of the Sichuan basin, the organic carbon content is highest and may reach up to 2.25%. However the original organic carbon content in source rocks was 20%-36% higher (Jarvie et al., 2007) , before the hydrocarbons were expelled. The R o (bitumen reflectance equivalence in the whole paper) of organic matter in the studied areas is >2.5%, therefore past the hydrocarbon generation capability.
Variable timing in hydrocarbon generation
The hydrocarbon generation from Paleozoic strata in Sichuan basin, especially from the Cambrian source rocks was delayed due to the development of Caledonian (Early Paleozoic) paleouplift along the Leshan-Longnvsi (Li et al., 2001 ). Because differences in structure existed in many parts of the basin, the peak of hydrocarbon generation was not reached simultaneously in all parts of the basin. Generally the period from the Permian to Jurassic represents the culmination in hydrocarbon generation in the whole basin, when previously formed traps could have been charged with hydrocarbons .
The source rocks in tectonic downwarped area (the residual Silurian thickness >1000 m) around the Leshan-Longnvsi paleouplift (south of Zishen 1 well, Fig. 3 ) entered an initial maturity stage (R o > 0.5%) during the Permian and were gradually approaching peak in oil generation. The maturity of the source rock further increased during the Indo-Chinese tectonic event (Triassic). The depressions and (Xu et al., 2000) .
Migration of hydrocarbon generation centers
The paleo-structural diagram of the top of the Sinian surface (base of Cambrian, Fig. 4 ) was used to reconstruct the process of burial, maturation and hydrocarbon generation from Cambrian source rocks. The earliest hydrocarbon generation center was located in SE Sichuan basin, where Ordovician-Silurian deposits are thick. After deposition of Silurian sedimentary strata the lower Cambrian was buried deeper than 3000 m, which provided favorable conditions for early hydrocarbon generation. Even though far away from Caledonian paleouplift, the Dingshan-Lintanchang structure in SE Sichuan was a local paleohigh, with favorable structural setting for the earliest oil/gas charging of the Sinian traps, as observed in the Dingshan l well . The hydrocarbon generation center migrated as result of tectonic processes in the Caledonian paleouplift. Firstly it was located south of Weiyuan area during the Caledonian-Indo Chinese epoch; then shifted to areas nearby such as Renshou and Jianyang, which were situated on the northern slope of the Leshan-Longnvsi paleohigh, and gradually moved toward the paleouplift zone during Yanshanian (Jurassic). After the Late Yanshanian Gas accumulation center (Cretaceous) tectonic event it had moved to the axial region of the paleouplift (Xu et al., 2000) . The hydrocarbon generation peak at the southern area was reached during the Indo-Chinese epoch (Triassic) and in the northern part during the Early Yanshanian (Jurassic). The hydrocarbon generation continued for a relatively long time in the axial region of the paleouplift. As the result, a high volume of petroleum was produced from the Lower Cambrian source rocks leading to the formation of big oil pools in the underlying upper Sinian Dengying Formation reservoirs.
GAS GENERATION CENTERS
A gas generation center is an area in which an oil pool was present, and oil was thermally cracked to generate gas. The source rocks in Lower Cambrian strata in the Sichuan basin mainly contain organic matter of Type I, thus the earliest hydrocarbon accumulations in the Sinian were oil accumulations. The high temperature during deep burial cracked the oil in the Sinian pools into gas (Sun et al., 2007) . Gas and bitumen were produced from cracking oil; therefore the reservoir rocks rich in residual bitumen represent the distribution area of the paleo-oil pool or accumulation, and the location of the gas generation center (Fig. 3) . After detailed studies of field sections and occurrences of bitumen in subaerial exposures, drill cores and cuttings from oil exploratory wells which encountered the Dengying Formation in the Sichuan basin, we arrived at the following conclusions:
1. The content of bitumen in Dengying Formation increases from the tectonic lows to the paleouplift axis (Wang et al., 2002; Zhang et al., 2005; Liu et al., 2008c; . The average content of bitumen in Woshen 1 well, located in the depression, is 0.41% and at Zishen 1 well located at the slope region is 1.13%, and in Wei 117 well is 0.93%. The average content of bitumen in Nvji well located at the core of the paleouplift is the highest, 8.12%, in Anping 1 well it is 2.40%, in Gaoke 1 well it is 5.41% and in Zi 2 well it is 5.29% (Fig. 3 ). 2. The content of bitumen and average porosity in the Dengying Formation are negatively correlated. The statistics from thin section analysis showed that less of bitumen is present underneath the unconformity separating Sinian from overlying Early Cambrian , the higher was the porosity and vice versa. Effective/residual porosity decreased after the bitumen filled the pores, which indicates that the overall porosities in Dengying Formation have not changed much after being filled by the oil. 3. Oil column height and remnant thickness of Dengying Formation are positively correlated. For example, Dengying Formation in Zi 1 well is 560 m thick and its paleo-oil column was 123 m high; in Wei 117 well it is 613 m thick and its paleo-oil column was 272 m high; in Gongshen 1 well located in the depression it is 1208 m thick and its paleo-oil column was 350 m high. While the Dingshan 1 well was also located at the slope -depression area at the north of the Guizhou paleouplift, the content of bitumen in the uplift zone was high, while the height of the paleo-oil column was relatively low. Dengying Formation thickness in the well is at least 1160 m, with the paleo-oil column being ~500 m-high.
To summarize, the high content of bitumen in the paleouplift areas indicates that the paleouplifts were the main regions of oil/gas accumulation. The low paleo-oil column in paleouplift areas indirectly indicate that the paleo-oil pools in Dengying Formation had no unified oil/water contact. The oil cracking and gas generation occurred in most of the areas in the Sichuan basin, where the Dengying Formation was present. The main gas generation centers should have been located at the Leshan-Longnvsi paleouplift area, small-sized paleohighs (Tianjinshan paleohigh, Micangshan paleohigh) and local structural high areas (Dingshan-Lintanchang structure) . As the obtained evidence indicates, the distribution of paleo-oil pools (gas generation centers) was mainly controlled by the distribution of hydrocarbon generation centers and by the paleo-tectonic framework during peaks of hydrocarbon generation (Fig. 3) .
GAS ACCUMULATION CENTERS
A gas accumulation center is referred to as an area in which natural gas was generated from cracked oil and accumulated in traps.
The Sichuan basin had continuously subsided from the Permian to Late Cretaceous time. The subsidence was interrupted by two uplift events, one in the Middle Permian and the second at the end of the Middle Triassic. But, these two tectonic events had little effect on the regional tectonic framework of the basin, and did not lead to any significant changes in the paleo-oil pools (gas generation centers) distribution in the Dengying Formation. The Dengying Formation was buried in excess of 6,000 m at this period. The Lower Cambrian source rocks had already expelled most of their hydrocarbons, and had lost their hydrocarbon generating capability because of deep burial. High temperature during deep burial resulted in oil cracking, and the paleo-gas pools (gas accumulation centers) were formed. At the same time, dispersed oil in Dengying Formation also cracked and contributed additional gas to paleo-gas pools (gas accumulation centers). The distribution of gas accumulation centers was chiefly controlled by the tectonic framework existing at that time. The thermal cracking of the oil in paleo-oil pools of the Dengying Formation mostly occurred during the Jurassic-Cretaceous (Sun et al., 2007) . Therefore, the paleo-tectonic high areas of the top surface of the Dengying Formation became the main distribution areas for the gas accumulation centers.
Before late Cretaceous uplift, the Sichuan basin was an intracontinental basin with terrestrial deposition. Several big paleouplifts and paleodepressions formed during Late Triassic to Cretaceous tectonics in the basin. The Middle Jurassic strata in Weiyuan, Leshan areas are quite thin, while the Upper Jurassic strata suffered extensive denudation. In the Leshan-Longnvsi paleohigh area (paleouplift), the elongated paleo-anticline was about 280 km long and 70 km across, covering an area of 19600 km 2 with a closure 1300 m in height. The highest areas were located at Ziyang and Weiyuan. The Longnvsi area was at the northern pinch of the anticline (Fig. 4) . Besides the Leshan-Longnvsi and Tianjinshan paleohighs, one paleohigh appeared in the eastern Sichuan basin and was centerd on Huaying Mountains. According to drilling data from the Heba 1 and Mashen 1 wells and interpretation of 3D seismic profiles, the top of the Dengying Formation was buried to 7500 m, but raised northward to form a paleohigh. That is the paleouplift of Micang Mountains. The southern pinch of the Huayingshan paleohigh (north of Luzhou in southern Sichuan basin) extended eastward and changed into a broad and gentle structure. Consequently, large-scale paleouplifts, paleodepressions and a few local plaeohighs, such as the Dingshan-Lintanchang structure, were formed at the top surface of the Dengying Formation in Sichuan basin during this period. These paleohighs were laterally migrating as result of active tectonics. As oil in the paleo-oil pools began to crack, gas migrated toward the newly formed paleohighs where it began to accumulate (Fig. 4) .
GAS PRESERVATION CENTERS
A gas preservation center here is referred to as an area or region where the present natural gas pool is located.
After the Late Cretaceous uplift the surface of the Sichuan basin underwent extensive denudation (Liu et al., 1996; 2008b; Arne et al., 1997; Kirby et al., 2002; Clark et al., 2004; Richardson et al., 2008; Godard et al., 2009) , which destroyed some of the previously formed natural gas pools in the Sinian Dengying Formation (Liu et al., 2008c; .
Disintegration of large-sized paleo-gas pools (gas accumulation centers)
The Leshan-Longnvsi paleouplift is both the main gas generation center and the main gas accumulation center in the Sichuan basin. The paleouplift disintegrated during Late Jurassic and over 20 traps (anticlines) in the Leshan-Longnvsi area were formed, among which the Weiyuan trap (anticline) is the largest. Other traps include Ziyang, Gaoshiti, Anpingdian, Longnvsi, Moxi, Dawoding, Panglongchang, Zhougongshan and Hanwangchang, and so on. During this tectonic upheaval, the Weiyuan and Ziyang areas were inversed respectively. Before the uplift event, there was an anticline in Ziyang area, but a monocline at Weiyuan area. The Ziyang paleo-trap (anticline) had favorable conditions for oil/gas accumulation, but the trap was destroyed as it was transformed into a monocline during Himalayan period. The gas from the Ziyang paleotrap migrated again but a new gas field failed to form. In contrast, the Weiyuan area was a monocline early during this period (Jurassic-Cretaceous) and thus lacked advantageous structural conditions for gas accumulation. But a large trap was formed in this area during Himalayan tectonics, with a capacity to accumulate migrating gas, thus a large-sized Weiyuan gas pool could have been formed (Luo et al., 1998) .
Adjustment or destruction of paleo-gas pools (gas accumulation centers)
After detailed studies of drill cores and surface outcrops, several generations of minerals were found in vugs in Dengying Formation rocks. According to the relationships between individual minerals filling the vugs and the characteristics of fluid inclusions, the mineral filling sequences in the vugs can be reconstructed from an old to young, as follows: (1)-bitumen 1 ; (2)-finely crystalline dolomite; (3)-macrocrystalline dolomite; (4)-coarse crystalline dolomite; (5)-bitumen 2 ; (6)-calcite + quartz/calcite/quartz. Not all of the six different generation pore fillings can be found in the same vug. The firstgeneration represented by bitumen was seldom found. The minerals of the third, forth and fifth generations were found most frequently filling fractures and secondary vugs, and were deposited during the continuous subsidence of the Sichuan basin (Fig. 5) .
The sixth-generation minerals are represented by calcite and quartz only. Sometimes only calcite is present and sometimes only quartz, which precipitated after thermal cracking of the oil, that is, during the uplift of the Sichuan basin (Fig. 5) . The sixth-generation minerals are widely found in the Dengying Formation. All of the quartz has crystalline form and prismatic shape crystals. Calcite occurs as coarse, clear crystals. Organic inclusions within the minerals accounted for 60%-85% of all inclusions. The Raman composition analysis and chilling experiment of the organic inclusions showed that they are mainly comprised by methane. The temperature and pressure of Dengying Formation fluid inclusions were studied in samples collected in Anping 1 well, from a depth of 5037 m. The temperature of the 20 saline inclusions varies from 220°C-320°C, with prevailing temperatures from 260°C to 290°C. The lowest pressure at 220°C and 320°C was 120 MPa-126 MPa and 153 MPa-160 MPa respectively . This indicates that saline inclusions were formed at high temperature and abnormal pressure before Yanshan-Himalayan tectonic uplift. The occurrence of these mineral fillings in the Sichuan basin and its periphery, as well as in the Weiyuan area, suggests that the preserving conditions for the gas pools in the Dengying Formation were partly destroyed during the Yanshan-Himalayan tectonics. Partial destruction of the preserving condition of the Dengying Formation gas field in Weiyuan, might be one of the major factors behind today's low degree of gas filling of the trap (only 25%).
Favorable areas for gas pool preservation
As discussed above, the Dengying Formation in Sichuan basin and its peripheral areas is known to possess the following features: (1) early geologic conditions for hydrocarbon accumulation were excellent, thus many paleo-oil pools were formed; (2) Yanshan-Himalayan folding and uplifting resulted in the adjustment or destruction of gas pools in the Dengying Formation; (3) accumulation of hydrocarbons in the Dengying Formation changed from initial paleo-oil pools (gas generation centers) to paleo-gas pools (gas accumulation centers) and today's (remaining) gas pools (gas preservation centers). The paleo oil pools were the main hydrocarbon sources of the paleo gas pools, which were in turn the main sources of hydrocarbons for today's (remaining) gas pools. The key factor of hydrocarbon accumulation and preservation was the presence of rich hydrocarbon sources and favorable preservation conditions (Sun et al., 2006; Dai et al., 2009a; . As discussed earlier the Lower Cambrian source rocks and paleo-oil pools were extensive in the Sichuan basin . Therefore, the distribution of gas preservation centers was chiefly controlled by the location of gas accumulation centers and by the tectonics of the region.
After several decades of exploration of the Dengying Formation, drilling in the peripheral mountains of the Sichuan basin was not successful. The majority of wells in the basin's marginal areas produced fresh water. Therefore; such areas should be excluded from future gas exploration. Prospecting wells within the Sichuan basin also produced water, but with a high degree of mineralization. This indicates that the preserving conditions of the Dengying Formation were not destroyed in the whole basin . Gas preservation centers are located in the interior of the Sichuan Basin. However, the preserving conditions in different structural units with the basin are highly variable.
The architectures of basin-mountain systems between in the Sichuan basin and its peripheral mountains control the regional preservation conditions of gas accumulations (Liu et al., 2011) . The composite basin-mountain system in Sichuan basin and its peripheral mountains can be separated into two types -margin-plate systems and interior-plate systems (Fig. 1) . The margin-plate basin-mountain systems include the Sichuan basin and the Longmen Mountains, the Micang Mountains and the Daba Mountains, which are not only the western and northern marginal areas of the Sichuan basin, but also represent the western margin of the Yangtze plate (South China Block). The margin-plate basin-mountain systems, with binary units of large-scale thrust belts and foreland basins, have different deep lithospheric structure, abrupt boundaries and a large contrast in today's geomorphology between the basin and the mountains. On the contrary, the interior-plate basin-mountain systems comprised by the Sichuan basin and the Qiyue Mountains, the Dalou Mountains and the Daliang Mountains, represent the eastern and southern marginal areas of the Sichuan basin located within the Yangtze plate. They have similar lithospheric structure and gradual boundaries between the basin and the adjacent mountains, lacking foreland basins. The basin-mountain systems in Sichuan basin insert major control on today's oil/gas distribution, chiefly through the effect of petroleum reservoirs preservation, the thickness of deposited terrestrial formations, degree of the uplift and denudation. Today's medium-large scale natural gas accumulations in the Sichuan basin are mainly distributed in the areas influenced by the margin-plate basin-mountain systems, and located especially in the foreland basins (Liu et al., 2011) .
Hence, we suggest that the areas with good preservation of gas accumulation in the Dengying Formation should be located at the front of the margin-plate basin-mountain systems, especially at the front of the Micang Mountains. A large paleo-oil pool in the Dengying Formation was found in the Micang Mountains (Dai et al., 2009b) . This leads us to believe that a gas generation center (paleo-oil pool), a gas accumulation center (paleo-gas pool) and a gas preservation center (today's gas pool) in the Dengying Formation may have existed at the front of the Micang Mountains, such as in the deep part of the Tongnanba structural belt (Fig. 1) .
RELATIONSHIP BETWEEN GENERATION, ACCUMULATION AND PRESERVATION OF HYDROCARBONS IN THE DEEP PART OF THE SICHUAN BASIN
As discussed above, oil generation centers controlled distribution of gas generation centers, which in turn controlled distribution of gas accumulation centers, which in turn controlled distribution of gas preservation centers. The location of the hydrocarbon generation center was determined by tectonic framework and by the sedimentary development of the basin. It appears that the location of the hydrocarbon generation center has not changed much through the time. In contrast, none of the other three centers remained stationary and had variable development. Consequently, based on the spatial distribution of the "three centers" (gas generation center, gas accumulation center, gas preservation center), the following modes in oil/gas pool formation and preservation in deep marine carbonate rocks in the Sichuan basin can be suggested (Fig. 6): (1) accumulation mode with the "three centers" superimposed (such as the Puguang gas field of Upper Permian-Lower Triassic carbonates; Ma et al., 2007) ; (2) accumulation mode with "the gas accumulation center" disintegrated (such as the Carboniferous gas fields in steep anticlines in the eastern Sichuan basin; Xu et al., 2005) ; (3) accumulation mode with the "three centers" migrated for a short distance (up to 30,000 m), such as the gas field in the Dengying Formation in the Ziyang-Weiyuan area; (4) destruction mode with the preservation center destroyed (such as the paleo-oil/gas pool of the Dengying Formation in the Dingshan-Lintanchang; Liu et al., 2010) .
We have attempted to calculate the effectiveness of gas formation from the Cambrian oil cracking. The accumulation ratio is a value of proven gas reserve divided by the total gas formed from thermal cracking of oil in a given area. Total gas generation from oil cracking is calculated from the quantity of bitumen remaining Figure 6 . Relationship between generation, accumulation and preservation of hydrocarbons in the deep part of the Sichuan Basin.
"Gas accumulation center" disintegrated (4) Gas preservation center lost
(1) accumulation mode with the "three centers" superimposed (such as the Puguang gas field in the Upper Permian-Lower Triassic carbonates; Ma et al., 2007) ; (2) accumulation mode with "the gas accumulation center" disintegrated (such as the Carboniferous gas fields in steep anticlines in the eastern Sichuan basin; Xu et al., 2005) ; (3) accumulation mode with the "three centers" migrated for a short distance (up to 30,000 m), such as the gas field of the Dengying Formation in Ziyang-Weiyuan ; (4) destruction mode with the preservation center destroyed (such as the paleo-oil/gas pool in the Dengying Formation in the Dingshan-Lintanchang) .The locations of the modes are shown in Figure 1 . within a reservoir (Sun et al., 2007) . The accumulation ratio of gas from oil cracking gradually decreases to zero from accumulation mode 1 to destruction mode 4 (Fig. 6) . The accumulation ratio of thermal cracking gas in the "three centers" superimposed mode represented by the Puguang gas field (upper Permian Changxing Formation to Lower Triassic Feixianguan Formation) is 75%-85% (Tian et al., 2008) . The ratio is 43.01% in the steep anticlinal Carboniferous gas fields of the eastern Sichuan basin, where the "gas accumulation center" disintegrated. While in the Weiyuan-Ziyang Sinian Dengying Formation gas field where the "three centers" migrated for a short distance (30,000 m), the accumulation ratio is 4.82% (Liu et al., 2008a) . In the Dingshan-Lintanchang structure where Sinian Dengying Formation gas preservation center did not develop, or was destroyed, the ratio is 0% . This study documents that today's natural gas accumulations in the Sichuan basin are a consequence of different coupling relationships among the "three centers" (gas generation center, gas accumulation center and gas preservation center). Among the four modes mentioned above, the highest accumulation ratio occurred when the "three centers" were superimposed (accumulation mode 1).
All the paleo-oil pools found in the Sinian Dengying Formation outside of the Sichuan basin missed gas preservation centers due to the uplift and denudation after the Late Cretaceous. Presently the gas field in the Dengying Formation was found only at the Weiyuan-Ziyang area (Fig. 1) , where the "three centers" migrated for a short distance (30,000 m). However, we infer that there also existed other gas fields developed in the Dengying Formation reservoirs, with the accumulation mode of the "three centers" superimposed. These should have been present at the front of the margin-plate basin-mountain systems, such as at the frontal area of the Micang Mountains. Gas accumulation centers probably existed at one time also at the Leshan-Longnvsi paleouplift area (central Sichuan Basin), but were partially destroyed by late tectonic processes.
CONCLUSIONS
The Dengying Formation in the Sichuan basin is of Sinian age (late Neoproterozoic) and was buried in excess of 6,000 m. Its natural gas pools are the result of a transformation from paleo-oil pools (gas generation centers) to paleo-gas pools (gas accumulation centers) and finally to the present gas pools (gas preservation centers). The paleo-oil pool was the main "hydrocarbon source" of the paleo-gas pool, which in turn was also the main "hydrocarbon source" of today's (remaining) gas pool. The formation of the paleo-oil pool was controlled by the hydrocarbon generation center, where the source rock was located. Thus, the formation of thermogenic gas pools in the Dengying Formation was determined by the coupling relationship of the four centers (hydrocarbon generation centers, gas generation centers, gas accumulation centers and gas preservation centers), which were influenced by multiphase tectonic activities throughout Paleozoic to Cenozoic time. The key factors of gas accumulation and preservation were occurrence of rich hydrocarbon sources and good preservation conditions for the reservoirs.
The source rock and cap rock for hydrocarbons in the Dengying Formation in the Sichuan basin were regionally extensive, organic carbon rich, Lower Cambrian black shale. The hydrocarbon generation centers were located in the southwestern Sichuan basin, northern Sichuan basin and western Hubei Province. The peaks in the hydrocarbon generation were multiphased with a prolonged period of hydrocarbon generation. Gas generation centers (paleo-oil pools) were predominantly located at Permian-Triassic paleohighs, which include the Leshan-Longnvsi paleouplift, the Tianjinshan paleohigh, the Micangshan paleohigh and some local paleohighs, such as the Dingshan-Lintanchang. Development of the gas accumulation center (paleo-gas pool) was controlled by paleo-structures developed at the top of the Dengying Formation, before the start of Himalayan tectonic movement. These include the Leshan-Longnvsi paleouplift, the Tianjinshan paleohigh, the Micangshan paleohigh, the Huayingshan paleohigh and others. Gas preservation centers may have developed at the frontal areas of the margin-plate basin-mountain systems (such as the Micang Mountains) and in the central Sichuan basin (the Leshan-Longnvsi paleouplift area).
According to spatial distribution of the "three centers" (gas generation centers, gas accumulation centers and gas preservation centers), the relationship between generation, accumulation and preservation of hydrocarbons in the deep part of the Sichuan Basin can be divided into: (1) accumulation mode with the "three centers" superimposed; (2) accumulation mode with the "accumulation center" disintegrated; (3) accumulation mode with the "three centers" migrating for a short distance; (4) destruction mode, with the preservation center destroyed.
The exploration of the upper Sinian Dengying Formation in the deep part of the Sichuan basin should focus on the areas where the "three centers" are superimposed, such as at the front area of the Micang Mountains, which could be the most promising area for future hydrocarbon discoveries in the upper Sinian Dengying Formation in the Sichuan basin.
